ABSTRACT: Emerging from the field of dye-sensitized solar cells, organometal halide perovskite-based solar cells have recently attracted considerable attention. In these devices, the perovskite light absorbers can also be used as charge transporting materials, changing the requirements for efficient device architectures. The perovskite deposition can vary from merely sensitizing the TiO 2 electron transporting scaffold as an endowment of small nanoparticles, to completely filling the pores where it acts as both light absorber and hole transporting material in one. By decreasing the TiO 2 scaffold layer thickness, we change the solar cell architecture from perovskite-sensitized to completely perovskite-filled. We find that the latter case leads to improvements in device performance because higher electron densities can be sustained in the TiO 2 , improving electron transport rates and photovoltage. Importantly, the primary recombination pathway between the TiO 2 and the hole transporting material is blocked by the perovskite itself. This understanding helps to rationalize the high voltages attainable on mesoporous TiO 2 -based perovskite solar cells. 1,2 With the move from the corrosive liquid redox electrolytes to the solid state hole transporting material (HTM) spiro-MeOTAD, 3 dye-sensitized solar cells appeared to be quickly becoming both efficient and stable.
I
nitially developed by Graetzel and O'Regan in 1991, high efficiency dye-sensitized solar cells have long been considered as likely candidates for cheap, sustainable energy production. 1, 2 With the move from the corrosive liquid redox electrolytes to the solid state hole transporting material (HTM) spiro-MeOTAD, 3 dye-sensitized solar cells appeared to be quickly becoming both efficient and stable. 3, 4 Solid-state dyesensitized solar cells (ssDSSCs) have, however, fallen short of the predicted performances, reaching a maximum of 7.2% power conversion efficiency when using custom-synthesized light-absorbing dyes and specially designed dopants to improve the charge transport in the hole transporting layer. 4 It was only recently, with organometal halide perovskites sensitizing the mesoporous TiO 2 electron-collecting anode, that solid-state sensitized solar cells have started to approach their predicted high performances. Following earlier work from Kojima et al. 5 Kim et al. and Lee et al. demonstrated the use of CH 3 NH 3 PbI 3 and a "mixed halide" CH 3 NH 3 PbI 3−x Cl x , respectively, in traditional solid-state dye-sensitized solar cell architectures. 6, 7 CH 3 NH 3 PbI 3−x Cl x has been shown to be capable of efficiently transporting charge carriers and hence can function in a "thin film" planar heterojunction solar cell configuration, while the CH 3 NH 3 PbI 3 perovskite was shown to be an effective hole transporter, negating the requirement to infiltrate the organic hole transporter, spiro-MeOTAD, into the TiO 2 mesopores. 7−13 Indeed, the planar heterojunction solar cells have reached the highest performance to date of over 15% for the CH 3 NH 3 PbI 3−x Cl x perovskite. 11−15 Moreover, some of the best results using CH 3 NH 3 PbI 3 come from device architectures where the perovskite deposition has been optimized to fill the TiO 2 mesopores and leave a capping layer of perovskite on top of the TiO 2 layer. 16−18 The processes of charge transport and recombination in such devices will necessarily differ from those in traditional ssDSSCs but, to the best of our knowledge, there has been no work on understanding the importance of perovskite filling of the mesoporous TiO 2 for device performance.
Here, we attempt to explain the differences in device performance observed when varying the degree to which the CH 3 NH 3 PbI 3−x Cl x perovskite fills the TiO 2 mesopores. By changing the TiO 2 layer thickness from 750 to 260 nm and changing the perovskite precursor spin coating solution concentration, we can gradually change the solar cell architecture from one where the perovskite truly acts as a sensitizer with nonuniform coverage, to one where the perovskite fills the majority of the pore volume uniformly and also acts as a hole transporter within the mesoporous twocomponent (TiO 2 and perovskite) composite.
In Figure 1 , we show cross-sectional SEM images of the four different architectures used in this study, ranging from sensitized to completely perovskite-filled TiO 2 composites. We ensure a "sensitized" architecture ( Figure 1a ) by using a thick (750 nm) TiO 2 scaffold in conjunction with a low (30 wt %) concentration of perovskite precursor spin coating solution. 7 Such films, however, do not absorb light very strongly, as shown in Figure 2a , so we have also used the same scaffold thickness in conjunction with a 40 wt % concentration of the perovskite precursor solution. In this case, we expect a higher coverage of the perovskite on the TiO 2 nanoparticles, but one that is still not continuous. These films then absorb much more strongly, as seen in Figure 2a . To ensure a close to complete filling of the TiO 2 mesopores, we then decrease the scaffold thickness to 440 and 260 nm, as seen in Figure 1c ,d respectively, while using a high 40 wt % precursor solution. Since capping layers of perovskite begin to form at TiO 2 scaffold thicknesses of just under 400 nm, 8 it is at this thickness that we expect that we begin to completely, or close to completely, fill the pores of the TiO 2 with perovskite. Figure  1d clearly demonstrates the tendency of the perovksite to form a capping layer over the thin (260 nm) TiO 2 scaffold, so that we expect the perovskite pore filling to be high in such films.
We estimated the perovskite pore filling fractions by measuring the mass of large (31 cm 2 ) substrates with the relevant TiO 2 layers before and after deposition of the mixed halide perovskite. Combined with knowledge of the unit cell size from XRD spectra ( Figure S1 ) and hence density, we can estimate the total volume of the perovskite in the samples and hence the pore filling fractions. The results are presented in Table 1 , while we give a full description of the calculations in the Supporting Information. The error in the calculation comes from consideration of the sensitivity of the scale, error in estimation of the substrate size, and error in determination of the size of the CH 3 NH 3 PbI 3−x Cl x unit cell. The pore filling fractions are evidently heavily dependent on the TiO 2 scaffold thickness, increasing from 47% in the thick TiO 2 scaffolds to around 100% with TiO 2 layers thinner than 400 nm. In the latter case, since there is negligible remaining porosity, the organic HTM spiro-MeOTAD is clearly unable to infiltrate the pores. Thus, the perovskite absorber must be transporting holes through the active layer to the p-type heterojunciton. 16, 17 Where there is a perovskite capping layer, the perovskite must necessarily be capable of transporting both holes and electrons toward the mesoporous TiO 2 .
In Figure 2b , we plot the current density vs voltage curves of the best solar cells with the architectures just described, while we present the extracted device performance parameters in Table 2 . We also report the mean and standard deviation of each parameter for each device architecture in a given batch of devices. A description of the full statistical variation of a set of devices can be found in the Supporting Information ( Figure  S2 ). As the perovskite concentration increases and the scaffold thickness decreases (i.e., perovskite pore filling increases), we see a rapid improvement in both the photocurrent and photovoltages of the solar cells. We note that for the series using the same 40 wt % precursor solutions, the short-circuit currents rise quickly with decreased scaffold thickness, even though the optical density of the films is marginally decreased (Figure 2a ). This means that the differences in photocurrent do not lie in light absorption, but rather in the charge collection efficiency. The greater than 100 mV improvement in photovoltage with decreased TiO 2 thickness could be expected if we consider that the electron density in the TiO 2 is increased, where the total charge generated is concentrated in a smaller volume of scaffold. This will lead to an increase in the electron quasi-Fermi level in the TiO 2 , improving the photovoltage.
19−21
The other possibility is that in devices with high perovskite pore filling, the charge actually resides in and is transported through the perovskite itself, resulting in improved charge extraction and photovoltages. 7 By employing quasi-steady state photoinduced absorption (PIA) spectroscopy (Figure 3 ), we aim to understand whether the improved photovoltage of the solar cells with thinner TiO 2 layers does indeed come from an increase in electron density within the TiO 2 . By preparing samples identical to those used for the solar cells (but without spiro-MeOTAD or metal electrodes), we can monitor the electron density in each architecture under illumination. The PIA spectra of the different films used are plotted in figure 3 , and all samples show a clear absorption peak centered around 1000 nm, which has been previously assigned to shallowly trapped electrons in TiO 2 . 22 We see this as evidence that even when the TiO 2 pores are largely filled with perovskite, electrons are transferred to the TiO 2 with a high efficiency, as was observed through photoluminescence decay studies of similar devices performed by Abrusci et al. 23 Recent time-resolved transient absorption measurements and impedance spectroscopy have also demonstrated this to be the case for the CH 3 NH 3 PbI 3 perovskite infiltrated into mesoporous TiO 2 . 24, 25 When the photoinduced change in transmission is normalized for TiO 2 layer thickness and film O.D. at the laser excitation wavelength of 514 nm, we see that at a given generation rate, the electron density is indeed much higher in the thin TiO 2 layers than in the thicker layers. This is expected, since the thinner (260 nm) TiO 2 layers still have large capping layers of perovskite over significant portions of the active layer. Charges generated in the capping layer are rapidly transferred to the TiO 2 because of the high diffusivity of photogenerated carriers within the perovskite, 11 meaning that the total number of charges generated throughout the active layer are effectively concentrated into a thinner TiO 2 film.
We also expect the recombination rate to be slower. If we assumed the recombination is between electrons in the TiO 2 with holes in the perovskite, then there is simply less available surface area with the perovskite through which such recombination could occur. Reduced recombination rates would hence also contribute to an increased electron density in the thinner TiO 2 layers. It is then no surprise that the solar cells do depict significant improvements in photovoltage with decreasing TiO 2 thickness.
To probe the cause for improved photocurrents with decreased scaffold thicknesses, we perform small perturbation photocurrent and photovoltage decay measurements. 26 This technique allows us to probe the charge transport lifetimes as well as the short-circuit recombination lifetimes, the relative magnitudes of which can give an indication of the charge collection efficiency. 27 The results are depicted in Figure 4 . We note that the charge transport lifetimes will be limited by the slow electron transport through the mesoporous TiO 2 at the relatively low charge densities found at short circuit. 7, 21, 28 In Figure 4a , we plot the charge transport rates as a function of the background light intensity. Here, it is evident that at a given light intensity, the solar cells with thinner TiO 2 layers benefit from a decreased charge transport lifetime. If, however, the results are plotted as a function of the short-circuit electron density in TiO 2 (obtained through charge extraction measurements) as in Figure 4b , we can understand the reason for the aforementioned improved charge transport lifetimes. We see that the transport lifetimes in each architecture are very similar when compared at the same electron densities in the TiO 2 . Moreover, the slopes of the lifetimes with electron density are also similar, demonstrating that regardless of device architec- The Journal of Physical Chemistry Letters ture, the electron transport is governed by the same multitrapping mechanism that has been widely accepted to be the mechanism for electron transport in mesoporous TiO 2 . 21,28−30 As we already observed in Figure 3 , the thinner scaffolds simply build up higher charge densities in the TiO 2 at any given light intensity, and this leads to shorter charge transport lifetimes in the solar cells.
For the improved charge transport rates to translate to improved charge collection efficiencies, the short-circuit recombination in the thin solar cells must be significantly slower than the charge transport. In Figure 4c , we plot the short circuit recombination lifetimes as a function of charge density. It is immediately apparent that we can observe two distinctly different classes of behavior: we observe far steeper decreases in recombination lifetime with increasing charge density in the sensitized solar cells with thicker scaffolds, and hence low perovskite pore filling fractions, than in the solar cells with thinner scaffolds and higher perovskite pore filling. In fact, the short circuit recombination lifetimes for the thinner scaffolds are far slower, compared to those for the thicker scaffolds, at the high charge densities that correspond to conditions under 1 sun. We see that the lifetimes for recombination (∼(2−3) × 10 −4 s) and transport (∼(2−3) × 10 −4 s) at high charge densities (one sun light intensity) are similar for the solar cells with low perovskite pore filling fractions, such that the collection is expected to be inefficient, 27 whereas the transport lifetimes (∼6 × 10 −5 s) are significantly shorter than the recombination lifetimes (∼3 × 10 −4 s) for the solar cells with highest perovskite pore filling fractions under the same light intensity.
Hence, we can confidently state that the solar cells made with thinner TiO 2 layers benefit from an improved charge collection efficiency. This appears to be because they can sustain high electron densities in the TiO 2 , accelerating electron transport, without suffering from the rapid increase in recombination rates observed for the solar cells with lower perovskite coverage. In addition, a significant proportion of the electron migration across the active layer must take place within the solid perovskite film, prior to transporting to the mesoporous TiO 2 . By comparing the slopes of electron transport lifetime with the electron density, we have also demonstrated that the electron transport mechanism responsible for the decay of the photocurrent remains the same, regardless of TiO 2 scaffold thickness, i.e., electrons are transported through the mesoporous TiO 2 to the collection electrode.
Perhaps the most interesting finding here is the decrease in the recombination rate's dependence on charge density, signifying a change in recombination mechanism. In the solar cells with low perovskite coverage, we expect the recombination mechanism to be similar to that found in dye sensitized solar cells, where electrons in the TiO 2 recombine with holes on spiro-OMeTAD. 19, 24, 31 Since the coverage of perovskite is not expected to be completely uniform and there is likely to be some exposed TiO 2 allowing more unwanted contact with the spiro-OMeTAD, we might even expect the recombination to be faster than in solid state dye sensitized solar cells where the dyes form a dense layer on the TiO 2 surface. Indeed, the recombination lifetime of 3 × 10 −4 s at a charge density of 10 17 cm −3 observed here for sensitized cells is much faster than the 10 −3 s or so observed at similar charge densities in solid state dye sensitized solar cells. 24, 31, 32 We then propose the recombination mechanism depicted in Scheme 1a for the case where there is incomplete perovskite coverage on the mesoporous TiO 2 . When the pores start to be completely filled with perovskite, the spiro-OMeTAD−TiO 2 contact will be virtually eliminated. 16 Hence the primary recombination pathway will be largely removed, as displayed in Scheme 1b. Recombination of electrons in TiO 2 with holes in the perovskite itself is moreover unlikely to be very fast, since the hole density in the perovskite should be relatively low due to their high diffusivity and effective transfer to spiro-OMeTAD at the planar heterojunction. 11 The same applies for the recombination of holes in spiro-OMeTAD with electrons in the perovskite: the electron density in the perovskite will be very low due to the fast electron transfer to the TiO 2 nanoparticles, meaning this recombination mechanism will also be very slow. 25 The understanding gained here allows us to propose design rules for preparing high efficiency TiO 2 -based perovskite solar cells. The most important factor to control is the completeness of perovskite coverage on the TiO 2 nanoparticles, as this reduces recombination rates. This means that higher charge densities can be maintained in the TiO 2 , improving the charge transport rates and collection efficiencies of the solar cells. This, together with the fact that thinner TiO 2 scaffolds serve to concentrate the electron density at a given generation rate, also leads to a raising of the electron quasi Fermi level in the TiO 2 to improve the photovoltage of the solar cells. In this work, we achieve this by reducing the TiO 2 scaffold thickness, which unfortunately decreases the optical density of the film. Future work is likely to be focused on using new deposition processes, such as the sequential deposition process introduced by Burschka et al., 18 to achieve high perovskite pore filling fractions with thicker active layers. Our work here also Step 1 (white arrow) stands for photo-excitation of the perovskite absorber, step 2 (light blue arrow) to electron injection into TiO 2 and hole transfer to the HTM, while step 3 (black arrows) represents the recombination pathways. emphasizes that the most efficient TiO 2 based perovskite solar cells operate in a distinctly different manner to conventional sensitized solar cells. 16 The photogenerated electrons within the perovskite capping layer diffuse throughout this layer to the mesoporous TiO 2 electrode, and the holes throughout the whole of the photoactive layer are transported within the perovskite phase back to the planar heterojunction with the ptype hole-transporter. In essence, the mesoporous TiO 2 is performing the function of a rough electrode to facilitate longlasting charge separation.
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■ MATERIALS AND METHODS
The mixed halide perovskite (CH 3 NH 3 PbI 3−x Cl x ) precursor solution and solar cells were prepared as described previously. For measuring the device performance parameters, Solarsimulated AM 1.5 sunlight was generated with an ABET solar simulator calibrated to give 100 mW cm −2 using an NRELcalibrated KG5 filtered silicon reference cell, and the JV curves were recorded with a sourcemeter (Keithley 2400, USA). The active area of the solar cells was defined by using a metal aperture mask of ∼0.09 cm 2 . Absorbance measurements of the films were taken with a commercial spectrophotometer (Varian Cary 300 UV−vis, USA) and an internally coupled integrating sphere (Labsphere, USA). An integrated photomultiplier tube detects the light inside the sphere. Samples were mounted at the entrance of the sphere, with a diffuse reflector mounted on an 8°wedge at the exit port.
Small Perturbation photovoltage and photocurrent decay measurements were performed as described elsewhere. 26, 32 Very briefly, an array of white light emitting diodes (LEDs) was used to change the background light intensity, and red LEDs were used to add a small (<10%) perturbation on top of this background. The change in photocurrent and photovoltage were recorded by an oscilloscope. For the recombination lifetime at short circuit, the cell was held at the short circuit current induced by the background light intensity, so that the red LED perturbation affected only the voltage of the cell, the decay of which allows us to estimate the recombination rate constants.
For the photoinduced absorption experiment, a continuous, tunable, Argon ion laser was used at a laser fluence of 50 mW cm −2 with an excitation wavelength of 514 nm and a modulation frequency of 23 Hz. A lock-in amplifier was used to detect the modulation of the light transmission, and was referenced to the modulation frequency. A 100 W halogen lamp was used as the white light probe, and the light monochromated after it had passed the sample. Here, the samples used were identical to the solar cells except that no spiro-MeOTAD or electrodes were used to allow us to detect the change in electron population in the TiO 2 .
■ ASSOCIATED CONTENT 
Pore filling measurements
In order to measure the pore filling fractions, we fabricated samples of perovskite on TiO 2 for all the device architectures used, prepared as for devices but on larger area FTO glass substrates (5.6x5.6cm). Prior to perovskite deposition, the thickness of the TiO 2 and the mass of the substrate were measured, using a Dektak profilometer and an accurate balance, respectively. Subsequent to perovskite deposition and annealing, the samples were reweighed, and the difference in mass before and after perovskite deposition used to determine the mass of perovskite deposited on each sample.
We can determine the density of the perovskite by knowing the size of the tetragonal unit cell from x-ray diffraction measurements, in good agreement with previous reports ( Figure S1 ). 1 A unit cell for a tetragonal lattice with a=8.87 Å, b=8.87 Å, c=12.67Å has volume of 997Å 3 , which contains 4x(MA+Pb+3I), for a total M w of 2480. 2 The calculated density for the perovskite from this is thus 4.13gcm -3 . We note that here we assume negligible chloride incorporation in the annealed perovskite, as reported in the literature, and assume that the crystal structure is the same as that of the pure methylammonium triiodide perovkite. 1, 3 From the density of the perovskite and mass of perovskite deposited, we can determine the volume of perovskite deposited in the TiO 2 film.
The porosity of TiO 2 prepared in this was has been previously reported to be 0.5.
4
From this we can calculate the volume of pores in the TiO 2 , and then knowing the volume of perovskite deposited in the TiO 2 , we can thus calculate a perovksite pore filling fraction, defined as the ratio of perovskite volume in film to the TiO 2 pore volume in the film. Errors in the pore filling fraction arise predominantly from errors in substrate size. We must also note that if there are any impurities present within the perovskite phase, this will result in an overestimation of the perovskite filling fraction in the TiO 2 pores. 
